Multilayers consisting of two tetragonal compositions PbZr 0.2 Ti 0.8 O 3 and PbZr 0.4 Ti 0.6 O 3 were deposited onto a SrRuO 3 electrode grown on a vicinal (1 0 0) SrTiO 3 substrate. It has been shown by extensive structural investigations comprising transmission electron microscopy in conventional and high resolution mode, reciprocal space mapping and piezoresponse force microscopy that with decreasing layer thickness a transition from a-domains confined to individual layers to a-domains propagating through the whole film takes place. This is caused by the formation of a common strain state of all layers which is responsible for the observed enhancement of the electrical properties. These show a maximum in the product of remanent polarization and dielectric constant at a certain density of interfaces. If the interface density becomes too high the lattice distortion accompanying each interface deteriorates the properties of the multilayer structure.
Introduction
Thin ferroelectric films are applied in many fields due to their variety of properties such as switchable polarization, high dielectric constant, piezoelectric and pyroelectric effects [1] [2] [3] . A careful choice of substrate and film materials with different lattice parameters allows modification of the actual properties by the misfit strain [4] . If epitaxial heterostructures are fabricated by combining layers of different materials, the properties can be further tuned [5] [6] [7] [8] [9] . This can be done either by growing a few thick layers or many ultrathin layers where the latter possibility might lead to a close coupling of the employed materials. In an earlier publication [10] it was shown that the introduction of just one artificial interface into a PbTi x Zr 1−x O 3 (PZT) film gives rise to a dramatic change in the ferroelectric properties. This was not caused by the features of the interface but evolved from the influence of the interface on the relaxation states of the different layers.
Theoretical calculations using Landau-Ginzburg-Devonshire theory gave a good approximation of the measured values and thus confirmed the assumed relaxational effect [10] .
In an attempt to separate the interface effects from the relaxational effects, this work shows the impact of a systematic increase in the density of interfaces in PbZr 0.2 Ti 0.8 O 3 / PbZr 0.4 Ti 0.6 O 3 (PZT20/80/PZT40/60) multilayers. The heterostructures were structurally investigated by transmission electron microscopy in conventional and high resolution mode, reciprocal space mapping (RSM), piezoresponse force microscopy (PFM), as well as macroscopic electrical characterization. crystalline substrates. SrRuO 3 (SRO) was deposited first to serve as a bottom electrode, followed by the multilayer structure comprising alternating PZT20/80 and PZT40/60 layers. Both the top and the bottom layers consist of the same PZT composition to assure a symmetric structure and therefore avoid additional effects of non-symmetry of the whole ferroelectric film. The number of interfaces per nanometre N i /t, with N i the number of interfaces and t the film thickness, is introduced as a measure for the interface density.
Here, a series of 12 multilayers with N i /t ranging from 0.05 to 0.63 nm −1 were fabricated and studied. Details concerning the substrate preparation and the deposition conditions can be found elsewhere [10] . Top Pt square electrodes of about 60 × 60 µm 2 were deposited by RF-sputtering through a metallic mask to allow electrical measurements. The polarization was measured at 1 kHz by an aixACCT TF Analyzer. An HP4194A Impedance Analyzer was used to determine the zero volt dielectric constant at 100 kHz with a probing voltage of 0.1 V. PFM was done employing a scanning probe microscope (ThermoMicroscopes) equipped with a PtIr coated tip (ATEC-EFM-20) with an elastic constant of about 2.8 N m −1 . A Tecnai F30 transmission electron microscope (TEM), with a point resolution of 0.17 nm and working at 300 kV, was used to carry out contrast analysis and lattice imaging. RSM was performed using a four-circle Philips X'Pert material research x-ray diffractometer (type 3050/65, 50 kV and 30 mA, Cu K α radiation).
Results
Polarization-field (P -E) hysteresis curves and the respective switching current curves of two multilayer samples with interface densities of 0.05 and 0.17 nm −1 are displayed in figure 1 . In both cases the hysteresis curves are saturated. The P -E hysteresis loops are nearly square shaped with a slight slanting, at low interface densities also having a lower remanent polarization as shown for N i /t = 0.05 nm −1 . Both asymmetric switching and a shift of the hysteresis could be ascribed to a preferred orientation of the remanent polarization which might be caused by an internal field. However, this depends on the details of the formation of top and bottom Schottky contacts as well as on the history of the sample and might change during thermal and electrical treatment. Therefore this was not subjected to systematic investigations within this work.
The remanent polarization P r and the dielectric constant ε r are measured perpendicular to the film surface, i.e. in a metal-ferroelectric-metal configuration in all cases. A simple separate analysis of the remanent polarization and the dielectric constant shows a certain correlation with the interface density, but a large scattering makes the evaluation difficult. The scattering can be drastically reduced by plotting the product of remanent polarization and dielectric constant versus interface density, P r · ε r (figure 2). This product can be considered as a figure of merit for the ferroelectric properties. In the simple case of a single c-domain oriented film, this product is proportional to the piezoelectric coefficients d 31 and d 33 :
In the above equation the electrostrictive coefficients Q 331 and Q 333 of both PZT20/80 and PZT40/60 contribute to the measured values; therefore, we could define P r · ε r as an equivalent piezoelectric coefficient. Figure 2 shows a noticeable dependence of P r · ε r on the interface density. The product P r · ε r increases with the interface density till N i /t ≈ 0.2 nm −1 where it exhibits a maximum before decreasing till the end of the investigated range. The cases marked by circles will be discussed later in detail.
In order to determine the origin of the maximum of P r · ε r the microstructures of the films are investigated by a TEM. • a-c domain structure is visible: in the case of sample 1 with N i /t = 0.05 nm −1 (figure 3(a)) various domain types form, ranging from a-domains confined to single layers to a-domains propagating through several layers or even the whole film. The resulting domain pattern is rather complicated. As visible from figure 4, the individual a-domains preferentially form in the PZT20/80 layers. The bottom PZT20/80 layer represents an exception; it is coherently grown on the substrate, no domains and dislocations can be observed therein ( figure 3(a) ). Figure 3(b) shows that at a reduced layer thickness the domains are not terminated at the interfaces but propagate throughout the whole film. This has been confirmed by HRTEM analysis which shows no discontinuity of the domain walls at the interfaces (figure 5). No change in the microstructure can be observed if the interface density is further increased.
To further elucidate the microstructural properties RSM investigations using the diffraction peaks of the (2 0 4) plane were performed. From the ω and θ angles the inverse coordinates Q x and Q y can be determined using the relations [11] 
and
The in-and out-of-plane lattice parameters are calculated from these inverse coordinates using the wavelength λ of the x-rays and the Miller indices h and l of the investigated plane [12] :
These relative lattice parameters are normalized with respect to the known lattice parameters of the substrate to obtain the absolute values. Figure 6 shows the maps of the diffraction peaks in real space for two heterostructures. The double peak exhibiting the highest intensity (peak 1) is attributed to the STO substrate with contributions of both Cu K α1 and Cu K α2 radiations. The residual Cu K β radiation causes a further substrate peak at lower ω and θ diffraction angles (corresponding to both higher c and a lattice parameters after applying equations (2)-(5), see peak 1a) due to its shorter wavelength. Very close to the substrate's peak, the reflection from the SRO bottom electrode is visible (peak 2). Finally the peaks of the PZT are labelled peaks 3, 4 and 5. Peak 3 corresponds to the contribution of the c-domain fraction of the film that has an out-of-plane polarization. Two additional reflections occur for N i /t = 0.17 nm −1 (peaks 3a and 3b) which are superlattice reflections. Peak 4 belongs to a part of the film whose in-plane lattice parameter is smaller and whose out-of-plane lattice parameter is larger compared with peak 3. In the case of peak 5 the proportions of the lattice parameters are interchanged with respect to the direction of the incoming x-ray beam identifying the a-domain part of the film. The features observed in RSM are also visible in TEM diffraction patterns though with a lower resolution and concerning only a small part of the film (which has been subjected to a rather rough mechanical treatment during the preparation of the cross-section TEM samples). The spot splitting due to the formation of a-domains can be seen in both diffraction patterns in figure 3 whereas the superlattice spots occur only in the pattern shown in figure 3(d) .
The possibility of comparing the fraction of a-domains ( a ) of different samples is provided by PFM. Since only the domains which reach the top surface can be probed by PFM, this method is exclusively used on the multilayers with N i /t 0.17 nm −1 . Two representative amplitude maps of the PFM signal of films with N i /t = 0.17 and 0.63 nm −1 are shown in figure 7 . In order to avoid interfering contributions of 180
• domain walls the imaged area was poled preliminarily to the imaging scan by applying a constant voltage. The rectangularly arranged dark lines represent the traces of a-domains which show a weaker response to the applied probing field compared with the c-oriented surrounding PZT matrix. By measuring the dark area of the images the fraction of a-domains is determined. In figure 7 (b) three larger dark spots are observable which are artefacts from the topography and are therefore excluded during the estimation of a . With increasing interface density, a decreases from 35% to 25%.
Discussion
It can be judged from both TEM and RSM investigations that there is a clear structural difference between samples with N i /t = 0.05 nm −1 and N i /t = 0.17 nm −1 . This leads to the enhancement of the ferroelectric properties with increasing interface density in this range (figure 2): at N i /t = 0.05 nm −1 the first layer consists of PZT20/80 and is free of dislocations, indicating it to be fully strained to the substrate ( figure 3(a) ). This layer can be attributed to peak 4 in figure 6 (a). Due to the compressive in-plane strain the outof-plane lattice parameter is increased. The in-plane lattice parameter of the subsequent PZT40/60 layer is too large to allow a coherent growth; therefore, the dislocation and domain formation starts in this layer. At these low interface densities the individual layers are able to relax towards their original lattice parameter during growth. Furthermore a-domains are observed in the PZT20/80 layers that evidence the presence of tensile strain and lower the remanent polarization of these layers. The tensile strain develops if the film is cooled down to room temperature due to the smaller in-plane tetragonal lattice parameter a of the PZT20/80 layers compared with that of the PZT40/60 layers. Since PZT20/80 has a higher spontaneous polarization than PZT40/60, the rotation of the out-of-plane polarization of the PZT20/80 layers into the film plane leads to a considerable decrease in the measured remanent polarization of the heterostructure. Through the electrostatic coupling between the layers [7] the remanent polarization of the PZT40/60 is also reduced. The multiple strain and domain states are responsible for a broadening of peaks 3 and 5 in figure 6(a) , because both peaks originate from various contributions of lattice parameters distributed in the a-and c-directions. Threading dislocations, which are in the case of PZT edge dislocations [13, 14] , are also known to broaden the RSM diffraction peaks [11] .
In the case of N i /t = 0.17 nm −1 the strained PZT20/80 layer is too thin to provide enough intensity and to become visible in the RSMs. The reduced thickness also prevents the individual relaxation of the layers. Therefore, the layers adopt a common in-plane lattice parameter. This avoids the strong tensile strain in the PZT20/80 layers and thus leads to a higher remanent polarization. However, to enable the formation of the observed continuous domains also the out-of-plane lattice parameters of both PZT compositions have to fit each other. Simultaneously, the interfaces no longer represent obstacles for the domain walls due to similar lattice parameters of all layers. Therefore, the dielectric constant might be enhanced by a higher domain wall mobility. The enhancement of both the remanent polarization and the dielectric constant leads to the strong increase in P r · ε r . The high coherency of the thin layers also causes the occurrence of superlattice peaks, which is not possible for the thicker layers at N i /t = 0.05 nm −1 .
The lattice parameters of a-domains show an anomalous alteration during the formation of the common strain. Figure 8 summarizes the lattice parameters as determined from RSM. The lattice parameters a and c of both c-domains and a-domains (cf figure 9 ) are plotted in dependence on the interface density together with the ones of a pure PZT40/60 film (N i /t = 0 nm −1 ). They are shown in comparison with the bulk values of STO, PZT20/80 and PZT40/60. The disappearance of peak 4 (in figure 6(a) , corresponding to circles in figure 8 ), when the interface density is increased, suggests the formation of the common strain state in most of the multilayer. The values of both lattice parameters of the cdomains hardly change when increasing the interface density. In the case of lattice parameter a the determined value stays between the bulk values of PZT20/80 and PZT40/60 whereas c is slightly smaller than the bulk values. Concerning the lattice parameters of a-domains it is notable that their out-ofplane lattice parameter a fits that of STO perfectly, whereas the in-plane lattice parameter c is increased considerably. To understand this, we recall that in the case of a-domains two different in-plane lattice parameters exist. One of them (c) is parallel while the other one (a) is perpendicular to the polarization. Judging from the experimental results it has to be assumed that the in-plane lattice parameter a is strained to that of the substrate. Due to the tetragonality of the unit cell the out-of-plane lattice parameter a has to be identical to the in-plane parameter a. Accompanying this reduction in both lattice parameters a, the in-plane lattice parameter c increases. The much larger value of this lattice parameter is remarkable compared with the bulk values. TEM diffraction patterns are used to check the RSM results. Despite the expected larger error of this method, the large lattice constants of the a-domains can be verified (figure 8). In order to double-check the accuracy of the large value of the lattice parameter c of a-domains the Poisson ratio can be determined. Since always average values of PZT20/80 and PZT40/60 are determined the change in the lattice parameters will be compared with the averaged bulk values of a = 0.3975 nm and c = 0.4149 nm. The lattice parameter a of a-domain changes only slightly to an average value of about a = 0.39 nm whereas the lattice parameter c significantly increases to about c = 0.442 nm. Therefore, a tensile strain on the lattice parameter c must be assumed. In this way a Poisson ratio of ν = 0.29 is calculated which is slightly smaller than the averaged value of ceramics (ν PZT20/80 = 0.29, ν PZT40/60 = 0.34) [15] . The good agreement with these tabulated values supports our assumptions.
As shown in figure 8 the elongation of the lattice parameter c of a-domains does not occur for a single composition film. Moreover, it increases with the interface density up to N i /t = 0.17 nm −1 . This behaviour follows the structural transition described above. Possibly it is energetically favourable to strain the lattice parameter c of the existent a-domains in the multilayers with N i /t 0.17 nm −1 rather than to introduce additional a-domains. This process would be facilitated by the compressive strain acting on the in-plane lattice parameter a induced by the substrate. If the in-plane lattice parameter a matches the substrate lattice parameter a further compression is impeded and consequently the formation of a new a-domain becomes favourable. The possible increase in the polarization of a-domains due to the higher tetragonality could also contribute to an increase in the measured polarization via electrostatic coupling with c-domains [16] .
Although no microstructural changes are observed by TEM and RSM measurements, P r · ε r decreases if the interface density is increased above about 0.2 nm −1 . PFM measurements reveal a decreasing a with increased interface density. This points to a higher residual compressive strain in the whole multilayer [16] . A more compressive strain leads to a decrease in the dielectric constant. However, the difference is too small to be observed by the other investigation methods, which indicates this effect to be not sufficient to explain the drastic drop in P r · ε r .
The properties of the interfaces might be mainly responsible for the deterioration of P r · ε r . Although the interfaces are smooth, they remain distinguishable in TEM, which demonstrates residual lattice distortions. If the interface density is increased above 0.2 nm −1 a higher volume fraction of features such as interface defects and dislocations may result in a deterioration of both P r and ε r by local strains and charge effects [17, 18] . These distortions could reduce the mobility of the domains or pin them [19, 20] , which would also contribute to a smaller dielectric constant. No decrease in P r · ε r would be expected for defect-free interfaces but rather a constant value above a certain interface density.
Conclusions
P r · ε r is introduced as an equivalent piezoelectric coefficient. A clear maximum of P r · ε r at a certain interface density of epitaxial PZT20/80 / PZT40/60 multilayers is reported.
At lower interface densities, tensile strain causes the a-domains to be mainly confined to the PZT20/80 layers. This leads to small values of P r · ε r . On increasing the interface density from this point, a common strain state of all layers avoids this detrimental effect and causes most a-domains to propagate through the whole film. Moreover, the smoother interfaces increase the mobility of domain walls. In summary these effects lead to an increase in P r · ε r up to the observed maximum.
If the interface density is further increased, the high volume fraction of the distorted interface regions leads to a drop in P r · ε r . Defects accompanying the interfaces might amplify this effect by reducing the domain wall mobility. Finally, the observed smaller fraction of a-domains could also contribute to a decrease in the dielectric constant and thus P r · ε r .
